The inhibition effects of oxide particles and solute elements on austenite grain growth have been studied in an Fe-0.05mass%C and Fe-10mass%Ni alloys deoxidized with Mn-Si, Ti, Mg, Zr and Ce as a function of content of soluble deoxidant elements and holding time at 1 200°C. Total surface area of austenite grains per unit volume which is inversely proportional to austenite grain size is analyzed as a function of total surface area of particles per unit volume and content of soluble deoxidant elements. It is found that in Mn-Si, Ti and Mg deoxidations, the austenite grain size is controlled only by the effect of particle pinning, while in Zr and Ce deoxidations the austenite grain size is controlled by both particle pinning and solute drag. The inhibition effect of soluble Zr and Ce increases significantly with increasing their contents. The effect of particle dragging in Ce deoxidation increases with increasing the holding time at 1 200°C. The contribution of particle pinning, particle dragging and solute drag to austenite grain growth is estimated as a function of deoxidant elements and holding time at 1 200°C.
Introduction
Oxide particles produced by deoxidation have been utilized as heterogeneous nuclei of liquid/d and g/a transformations such as for the formation of equiaxed crystals in ferritic stainless steel and that of intragranular ferrite in heat affected zone in welding, respectively and also utilized as austenite grain-growth-inhibitor. In order to produce many fine oxide particles, the initial oxygen content before deoxidant addition cannot be increased because of the cluster formation due to non-equilibrium deoxidation products. Therefore, an excess amount of deoxidant must be added to a melt containing an appropriate content of oxygen in order to increase the degree of supersaturation of deoxidation products. 1) It is known that the austenite grain size can be controlled by oxide particles. In the case of g grain size control by Zr or Ce deoxidation, however, the residual amount of soluble Zr or Ce influences significantly the grain growth through the solute drag and particle dragging particularly in the Ce deoxidation. [2] [3] [4] [5] [6] However, the contribution of particle pinning, particle dragging and solute drag to g grain growth has not been studied in non-steady and steady states. When oxide particles are used as nuclei for the g/a transformation, soluble deoxidants influence the nucleation and growth of ferrite formation, namely, chemical hardenability, whereby leading to the microstructural change.
In the previous study 7) the g grain growth in an Fe-0.05mass%C alloy deoxidized with Mn-Si, Ti, Mg, Zr and Ce has been studied as a function of holding time at 1 200°C. The effect of particle size distribution on g grain growth in steady and non-steady states has been discussed based on the relationship between surface area of particles and that of g grains per unit volume.
In the present study the g grain growth in an Fe-0.05mass%C and Fe-10mass%Ni alloys deoxidized with Mn-Si, Ti, Mg, Zr and Ce has been studied at 0 and 60 min of holding time at 1 200°C. The contribution of particle pinning, particle dragging and solute drag to the g grain growth has been estimated as a function of soluble deoxidant content based on the empirical relationship between surface area of particles and that of g grains per unit volume.
Experimental

Procedure
A charge (70 g) contained an appropriate amount of high-purity electrolytic iron (99.99 mass% Fe) and an Fe-5mass%C alloy for Fe-0.05mass%C alloy experiments or pure globular nikel (99.97 mass% Ni) for Fe10mass%Ni alloy experiments was melted in an induction furnace (100 kHz) under an Ar atmosphere (250 mL/min). Percent represents mass%, hereinafter. A graphite susceptor with 10 mm thickness was installed between induction coil and crucible in order to eliminate the induction stirring of melt. After holding for 30 min at 1 600°C for homogenization of initial metal composition, the melt has the initial oxygen content in the range from 0.008 to 0.014 %. The pure metallic Mn and Fe-50%M (MϭSi, Ti and Ce), Fe-10%Zr and Ni-12%Mg alloys, which were prepared previously by premelting in an arc furnace, were used as deoxidants.
In the experiments for an Fe-0.05%C alloy (Exp. Nos. 1-28), 7) the melt was deoxidized by Mn(1.0%)-Si(0.2%) or by Ti (0.05, 0.1 %), Mg (0.1 %), Zr (0.08, 0.12 %) or Ce (0.12 %), followed by the addition of 1.0 % Mn and 0.2 % Si. After stirring for 20 s using an Al 2 O 3 rod, the melt was held for 1-2 or 10 min at 1 600°C, followed by cooling to 1 200°C at the rate of 0.5°C/s. Then, the sample was quenched in water immediately or held for 60 min at 1 200°C, followed by rapid quenching. High purity Al 2 O 3 and MgO crucibles were used for Mn-Si and Ti, and Mg, Zr and Ce deoxidation experiments, respectively. More details on the experimental procedure are given elsewhere. 7) In Exp. Nos. 29-36 for an Fe-10%Ni alloy, the melt was held for 30 min at 1 600°C and deoxidized by Ti (0.05 %), Mg (0.1 %), Zr (0.08 %) or Ce (0.12 %). After stirring for 20 s, the melt was held for 1 min at 1 600°C and cooled to 1 200°C at the rate of 0.5°C/s. Then, the sample was quenched in water immediately or held for 60 min at 1 200°C, followed by rapid quenching. In Exp. Nos. 37-42 for an Fe-10%Ni alloy, the melt was first deoxidized by 0.03 % Ti, stirred for 20 s using an Al 2 O 3 rod and held for 40 s, followed by addition of Mg, Zr or Ce. After that the experimental procedure follows the method described in Exp. Nos. 29-36. High purity Al 2 O 3 crucibles were used for Fe-10%Ni alloy experiments.
Observation of Particles and g g Grains
For the 3-D observation of particles, a metal sample was dissolved by using a potentiostatic electrolytic extraction (150 mV, 45 to 55 mA and 500 coulomb) with 10% AA (10 v/v% acetylacetone-1 w/v% tetramethylammonium chloride-methanol) in Mn-Si, Ti, Zr and Ti/Zr deoxidation experiments and with 2 % TEA (2 v/v% triethanol amine-1 w/v% tetramethylammonium chloride-methanol) without Ba in Mg, Ce, Ti/Mg and Ti/Ce deoxidation experiments. Total weight of dissolved metal was 0.15 to 0.25 g. The electrolyte solution was filtrate using a membrane polycarbonate film filter with an open pore size of 0.05 mm.
The particles obtained as residue on a film filter were observed and analyzed by using the scanning electron microscope (SEM) with the electron probe microanalysis (EPMA) at a magnification of 1 000, 2 000, 5 000 and 10 000. The total observed area of film filter with particles was 0.05 to 0.10 mm 2 for Mn-Si and Ti deoxidation experiments and 0.01 to 0.05 mm 2 for other deoxidation experiments. The spatial size of each particle, d V , was estimated as the diameter of an equivalent spherical particle, which has the same area of a measured particle image on a SEM photomicrograph.
It was experimentally confirmed that the particles on a film filter after filtration are dispersed uniformly. The number of particles per unit volume, N V , can be estimated from the following relation: (1) where n is the number of measured particles on SEM photomicrographs. A fil and A obs are the total and observed area of film filter with extracted particles, respectively. r Me and W dis are the density and weight of metal dissolved during electrolytic extraction, respectively.
The methods for the calculation of surface area of particles per unit volume, A p V , and volume fraction, f V , of particles are given elsewhere. 7) The g grain characteristics such as grain diameter, length of grain boundary and area of each grain section, were measured on a cross-section of a metal sample. A vertically sliced sample from the center of ingot was polished and etched with 3 % nital (3 v/v% HNO 3 -amylalcohol) or with 20 % picric acid (20 w/v% picric acid-H 2 O). A revealed grain structure was observed by an optical microscope at a magnification of 25, 50, 100 or 200. The grain diameter, D A , was estimated as the diameter of a circle with the same area of a sectioned grain. The size, area and perimeter of each grain section on microphotographs were measured by using a semi-automatic image analyzer. The total observed area was 90 to 280 mm 2 for Mn-Si and Ti deoxidation experiments and 30 to 200 mm 2 for Mg, Zr, Ce and Ti/M (MϭMg, Zr and Ce) deoxidation experiments. The total number of measured grains was 250 to 400.
Chemical Analysis
A metal sample was dissolved by using a potentiostatic electrolytic extraction method (150 mV, 45 to 55 mA and 1 500 coulomb). The samples in Mn-Si, Ti, Zr and Ti/Zr deoxidation experiments were dissolved with 10 % AA. The samples in Mg, Ce, Ti/Mg and Ti/Ce deoxidation experiments were dissolved with 2 % TEA with Ba (0.1 to 0.2 w/v% Ba). The total weight of dissolved metal was in the range from 0.3 to 0.5 g. The electrolyte solution was filtrated using a polytetrafluoroethylene membrane film filter with an open pore size of 0.1 mm. The solution after filtration and residue on a film filter were analyzed for the contents of soluble and insoluble elements, respectively, by using inductively coupled plasma (ICP) emission spectrometry. The total content of element M was calculated as the sum of soluble, [M] sol. , and insoluble, [M] insol. , contents.
The total oxygen content in metal samples ([T.O]) was determined by using an inert gas fusion-infrared absorptiometry.
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Results and Discussion
Effect of Deoxidants on Size Distribution of Parti-
cles and g g Grains The experimental conditions, the chemical composition of metal phase and the characteristics of particles and g grains are summarized in 
where.
7)
The particle size distributions with the step width of Dϭ0.1 (Dϭlog d V ) are shown in the upper and lower diagrams of Fig. 1 for Fe-10%Ni alloys in Exps. No. 29 to 36 obtained at 0 and 60 min of holding time at 1 200°C, respectively. The results for the particle size distributions for Exps. No. 1 to 28 in Fe-0.05%C alloys are given in previous study. 7) It is seen that the particle size distributions can be approximated by a log-normal distribution at 0 and 60 min of holding time. However, in Fe-0.05%C alloys deoxidized with Ti, Zr and Ce (Exps. No. 8, 19, 20, 25 and 26), it was found that the particle size distributions cannot be approximated by a log-normal distribution due to the formation of carbides during cooling and holding at 1 200°C. As shown in Table 1 and the upper and lower diagrams of Fig. 1 , the total number of particles in Fe-10%Ni alloys decreases in the order of ZrϾMgϾCeϾTi for 0 and 60 min of holding time at 1 200°C. A similar trend was observed in Ti/Mg, Ti/Zr and Ti/Ce deoxidation experiments. It was found that the geometric standard deviation, s, which corresponds to the width of particle size distribution and the ln s value is given in Table 1 , tends to decrease with holding at 1 200°C. A similar trend was observed in previous study 9) in which particle size distributions are analyzed as a function of holding time at 1 600°C. The variation of particle size distribution with holding time at 1 200°C can be explained by the change of particle composition of non-equilibrium phase to that of equilibrium phase.
The austenite grain size distributions with the step width of Dϭ0.1 (Dϭlog D A ) in Fe-10%Ni alloys for Exps. No. 29 to 36 obtained at 0 and 60 min of holding time are shown in the upper and lower diagrams of Fig. 2 , respectively. It is seen that the g grain size distributions are approximated by a log-normal distribution. The modal values of D A for 0 and 60 min of holding time at 1 200°C increase in the order of ZrϽCeϽMgϽTi. A similar trend was observed in Fe-10%Ni alloys deoxidized with Ti, followed by Mg, Zr and Ce. These results are in agreement with the decreasing order of particle number shown in Fig. 1 , except for the Ce deoxidation. A different trend in the modal values between particle and g grain size distributions observed in the Ce deoxidation can be explained by the additional effect of soluble deoxidant on g grain growth. In Fe-0.05%C alloy experiments for 0 and 60 min of holding time at 1 200°C, the increasing order of modal D A values observed by Mn-Si, Ti, Mg, Zr and Ce deoxidations is consistent with the decreasing order of particle number. These results suggest that the D A values by Zr and Ce deoxidation in nonsteady and steady states are affected by not only the particle pinning, but also the particle dragging and solute drag. [2] [3] [4] [5] [6] The difference between the thick and the thin lines at a given N V is explained by the effects of particle dragging and solute drag on austenite grain growth. It is seen that this difference tends to increase with increasing the holding time at 1 200°C.
The mean limiting grain size, D A , in 2-D proposed by Nishizawa et al. Table 1 . It should be noted that the results ob- tained 
.(7)
The A V P values are calculated from the particle size distribution in 3-D using the following relation: The relationship between A V G and A V P values, which was obtained in Mn-Si, Ti, Mg and Zr (low content of soluble Zr) deoxidation experiments is used for the estimation of particle pinning effect. It is to be noted that the relationship given by Eq. (13) in non-steady state can be used only at a given holding time and temperature. (11) and (12). In this section the validity of using these equations is experimentally confirmed and the relationship between the surface area of g grains per unit volume and g grain diameters in 2-D and 3-D is discussed.
Surface Area of g g
In Fig. 6 the A V G values obtained from Eqs. (11) and (12) It is seen in Fig. 6 that the curve given by Eq. (16) is slightly above the experimental curve.
Thewlis 11) gives the relationship between A V G and D V obtained by assuming that g grains are represented by a tetrakaidecahedron. This line is given in Fig. 7 . The curve given by Eq. (9) which is derived by assuming that g grains are spherical is also included. It is seen that the curve by Thewlis 11) are in good agreement with that by Eq. (9). Furthermore, the experimental relation between A V G and D V also agrees well with these two curves. The D V values are calculated using the relation: D V ϭ3p/(8D A ) which is obtained from Eqs. (9) and (16) by assuming a spherical grain.
On the basis of these results shown in Figs. 6 and 7, it can be concluded that the A V G value can be estimated from the measured D A values using either Eqs. (15) or (16). This is due to the fact that the g grain size distribution is well approximated by a log-normal distribution unless abnormal grain growth occurs and the morphology of g grain sections on a cross section can be approximated as a circle.
The relationship between A V G and D A given by Eq. (15) is shown in the upper and lower diagrams of Fig. 8 by solid lines. The values of total surface area of grains per unit volume, A G V(cal) , are calculated by substituting the A V P values obtained from particle size distribution into Eqs. (13) and (14) for 0 and 60 min of holding time, respectively. These results are plotted against D A values in Fig. 8 . The data points obtained by Zr (high soluble contents of Zr) and Ce deoxidations are negatively deviated from these lines.
It can be concluded from these results shown in Fig. 8 that the g grain size distributions in deoxidation experiments whose data points are located on these lines are controlled only by particle pinning. In deoxidation experiments whose data points are significantly deviated from the line of Eq. (15), the g grain size distributions are controlled by not only particle pinning, but also particle dragging and solute drag. In this case, the difference between the A G V(exp) values estimated from Eqs. (11) and (12) and the A G V(cal) values calculated from A V P values using Eqs. (13) and (14) is attributed to the additional effect of soluble elements and nonrandom dispersion of particles on the austenite grain growth.
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Effects of Non-random Dispersion of Particles and Soluble Elements on g g Grain Size
Homogeneous dispersion of particles is desirable to the effective intragranular nucleation. On the other hand, high fraction of particles on g grain boundaries would be preferable to the inhibition of g grain growth.
The effect of non-random dispersion of particles on g grain growth can be estimated by using the fraction of oxide particles on g grain boundaries, F A , which is defined as the ratio between the number of particles at the grain boundaries and the total number of particles on a cross section. The F A values obtained in previous experiments 4, 6) of Mg, Zr and Ce deoxidations in Fe-0.20%C-0.02%P and Fe-10%Ni alloys are plotted against the respective soluble contents in Fig. 9 for different holding times at 1 400, 1 300 and 1 200°C. It is seen that the F A values increase in the order of Mg, Zr and Ce. As shown in the upper and middle diagrams, the F A values of Mg and Zr deoxidation experiments are small (0.1 to 2.3 %) and almost constant in the range of soluble Mg and Zr from 0 to 105 and from 1 to 1 800 ppm, respectively. It can be concluded from these results that the effect of non-random dispersion of particles in Mg and Zr deoxidation experiments on the austenite grain growth is negligibly small.
It is seen in the lower diagram of Fig. 9 that the F A values in an Fe-10%Ni alloy deoxidized by Ce are in the range from 3 to 11 % and almost independent of soluble Ce content in the range from 1 to 900 ppm. In an Fe-0.20%C-0.02%P alloy, the F A values are almost constant in the range of soluble Ce from 0 to 190 ppm. However, the F A values tend to increase to 55 % with increasing the content of soluble Ce from 200 to 800 ppm. This may be due to the precipitation of Ce carbides on grain boundaries in an Fe-0.20%C-0.02%P alloy. It can be assumed from these results 4, 6) that the F A values for Fe-10%Ni and Fe-0.05%C alloys in the present and previous 7) experiments are independent of soluble Ce content in the range of [Ce] sol. Յ 100 ppm.
The difference between A V G obtained from Eqs. (11) Fig. 10 and plotted against soluble contents of Zr and Ce in Fig. 11 . The DA V G value is attributed to the effects of particle dragging and solute drag on the inhibition of g grain growth. It is seen from Fig. 10 that the DA V G values do not change significantly with increasing soluble contents of Mn-Si, Ti and Mg in the studied ranges. This indicates that the effects of particle dragging and solute drag are negligibly small and thus the austenite grain size is controlled only by the effect of particle pinning which is determined by the number and size of inclusion particles.
As shown in Fig. 11 , the DA V G values increase with increasing soluble contents of Zr and Ce. In Zr deoxidation experiments, the effect of particle dragging is negligibly small since the F A values are small, as shown in the middle diagram of Fig. 9 . Based on the results shown in lower dia- As shown in the upper and lower diagrams of Figs. 12 and 13, the effect of particle pinning in Zr and Ce deoxidation experiments is almost constant with respect to the content of soluble Zr and Ce and holding time at 1 200°C. This is due to the fact that the A V P value calculated from particle size distribution depends strongly on the initial content of soluble oxygen before deoxidation for a given amount of deoxidant and holding time at 1 600°C. The initial content of soluble oxygen varies only slightly in all deoxidation experiments.
The effect of particle dragging in Ce deoxidation experiments shown in Fig. 13 is constant in the range of [Ce] sol. Յ100 ppm because the fraction of particles on g grain boundaries is independent of soluble Ce content, as shown in the lower diagram of Fig. 9 . However, it is follows from the upper and lower diagrams of 
Conclusions
The effects of inclusion particles and solute elements on austenite grain growth have been studied in Fe-0.05%C and 
